The testis is a peculiar tissue in many respects. It shows patterns of rapid gene evolution 9 and provides a hotspot for the origination of genetic novelties such as de novo genes, 10 duplications and mutations. To investigate the expression patterns of genetic novelties across cell 11 types, we performed single-cell RNA-sequencing of adult Drosophila testis. We found that new 12 genes were expressed in various cell types, the patterns of which may be influenced by their 13 mode of origination. In particular, lineage-specific de novo genes are commonly expressed in 14 early spermatocytes, while young duplicated genes are often bimodally expressed. Analysis of 15 germline substitutions suggests that spermatogenesis is a highly reparative process, with the 16 mutational load of germ cells decreasing as spermatogenesis progresses. By elucidating the 17 distribution of genetic novelties across spermatogenesis, this study provides a deeper 18 understanding of how the testis maintains its core reproductive function while being a hotbed of 19 evolutionary innovation.
Introduction 22
The testis is a highly transcriptionally active tissue whose core function of sperm 23 production is conserved across kingdoms. In humans, flies, and mice, spermatogenesis consists 24 of several key steps: 1) differentiation of germline stem cells into spermatogonia, 2) mitotic 25 divisions of spermatogonia, which become spermatocytes, 3) meiotic divisions to generate 26 primary spermatids, and 4) sperm maturation (Fuller, 1993; Jan et al., 2012; White-Cooper, 27 2010) . Across animal species, the testis is unique from a transcriptomics perspective because it 28 expresses more genes than any other tissue (Parisi et al., 2004) . Genotypes and phenotypes 29 associated with sex and reproduction diverge rapidly and may have important functional 30 consequences (Lande, 1981) . Despite evolutionary genetic hypotheses trying to explain the 31 complexity of the testis transcriptome, it remains unclear why this tissue expresses a broader 32 array of genes than any other tissue, including the brain, which is more phenotypically and 33 structurally complex and contains more cell types (Parisi et al., 2004; Soumillon et al., 2013;  By plotting inferred gene expression in every cell as a function of pseudotime, we 183 approximated the behavior of individual genes throughout spermatogenesis. Marker genes 184 consistently show a similar profile in pseudotime and the Seurat analysis. For instance, bam, vas, 185 and His2Av enrichment denote the beginnings of spermatogenesis, and fzo and twe denote early 186 and late spermatocytes, respectively ( Figure 3C ). Confident that our calculated pseudotime is an 187 accurate representation of spermatogenesis, we proceeded to use it to query how the expression 188 of de novo genes changes throughout spermatogenesis. 189 If a given novel gene is functional, one would expect it to be biased towards meiotic 190 cells, since germline stem cell-specific genes may not undergo long-term and recurrent positive 191 selection (Choi and Aquadro, 2015) . If these genes confer limited beneficial effects, we predict 192 that they may show stochastic transcription pattern in a large variety of cell types. Consistent 193 with our predicted expression patterns of functional novel genes, we found that a large number of Gene age and mode of origination affects gene expression bias across cell types 203 Our prior observation that many de novo genes are enriched in GSC/early spermatogonia 204 led us to ask whether the expression patterns of de novo genes differ from the expression patterns 205 of other genes. Although individual de novo genes show a variety of expression patterns, we 206 found that, compared to testis-specific genes, segregating de novo genes are less expressed in 207 germline stem cells (p.adj = 9.35E-04) and slightly enriched in early spermatids (p.adj = 1.70E-208 02) ( Figure 4A , Table 1 ). By contrast, the scaled expression of fixed de novo genes is not 209 statistically different from that of testis-specific genes ( Figure 4B , Table 1 ). These results 210 suggest that cell-type expression patterns may impact the likelihood that a de novo gene will 211 reach fixation. 212 We also asked whether this spermatocyte-biased expression is driven by segregating or 213 fixed de novo genes. We quantified gene expression bias for segregating and fixed de novo genes 214 separately and found that both groups of genes display the same direction of bias and a similar 215 degree of statistical significance in every cell type (Table 1 , Supplementary file 3). These results 216 suggest that cell-type expression patterns do not impact the likelihood that a de novo gene will 217 reach fixation, rather, the function and fitness effect may play an important role in the process of 218 fixation. 219 Given a general trend for meiotic enrichment of de novo genes, we asked what proportion 220 of de novo genes exhibit this pattern. Across pseudotime, we qualitatively estimated the relative 221 expression biases of all de novo genes we could detect from Zhao et al. (2014) . Overall, 55% of 222 segregating and 62% of fixed genes were biased towards middle stages (spermatocytes), and 223 11% of both segregating and fixed genes showed high expression bias toward later stages 224 (spermatids) . Surprisingly, 29% of segregating genes and 26% of fixed genes showed high 225 expression bias toward early stages (GSC and spermatogonia) ( Figure 4C ). While many 226 segregating de novo genes are highly expressed in early spermatogenesis, our results from Figure   227 4A suggest that as a group they are less expressed than typical testis-specific genes in GSC and 228 early spermatogonia. This variety of expression patterns in young de novo genes indicates 229 functional diversification in short evolutionary timescales.
230
Given that de novo genes, like typical testis-specific genes, are usually maximally 231 expressed during meiosis, we asked if the expression dynamics of recently duplicated genes, 232 another class of young genes, are similar ( Figure 4D ). Using a list of D. melanogaster-specific 233 "child" genes and their parental copies (Zhou et al., 2008) , we queried expression of the parental 234 and derived copies of duplicated genes over pseudotime (Figure 4 -figure supplement 1). We 235 classified gene expression patterns into "early", "late" "middle" and "bimodal" for each group.
236
Only 2/14 "child" genes whose expression could be detected in testis had the same expression 237 pattern as their parental copy, indicating that most derived gene copies are regulated by different 238 mechanisms than their parental copy. All parental genes exhibited an early or late expression 239 pattern, but child genes were a mixture of early, late, middle and bimodal expression patterns. 
241
Bimodal expression (a peak in early and middle/late stages) is the most frequent 242 expression pattern for child genes (43%), a pattern we did not observe for any parental genes. It 243 is possible that these bimodal genes were originally expressed with the same pattern as their 244 parental copy and later acquired expression in a different stage, consistent with 245 neofunctionalization (Ding et al., 2010; Lynch and Conery, 2000) . 246 We also observed strikingly different expression patterns for young genes depending on 247 their mode of origination (duplication vs. de novo). To compare young genes of a similar age 248 group, we quantified expression patterns for fixed melanogaster-specific de novo genes from 249 Zhao et. al 2014, and melanogaster-specific gene duplicates from Zhou et. al 2008. We found 250 that fixed de novo genes are most frequency biased towards mid-spermatogenesis (Table 2) , and 251 melanogaster-specific duplicate genes are most commonly bimodally expressed. This result 252 indicates that a gene's expression pattern is influenced by its mode of origination. De novo genes 253 often build regulatory sequences from scratch, but young gene duplicates may co-opt flanking 254 promoter and enhancer sequences from their parental copy.
256 257
Mutational load decreases throughout spermatogenesis 258 Since evolutionary innovations largely depend on novelties occurring at the DNA 259 sequence level, we asked if the mutational load of germ cells varies during the process of sperm 260 development. From our single-cell RNA-seq data, we identified 73 high-confidence substitutions 261 that likely arose de novo. While the reference allele for every variant was present in somatic 262 cells, the variant form of each of them was exclusively found in germ cells, and each inferred 263 substitution is unlikely to be an RNA editing event or unrepaired transcriptional error (see 264 methods). These substitutions were not present in population-level genome sequencing or 265 previous whole-tissue RNA-seq of RAL517 testis, and the variant form of each substitution was 266 also not present in any of our 3 types of somatic cells. We observed several instances of tightly 267 clustered substitutions (<20 bp apart) present in the same cells, which we interpreted as single 268 mutational events (Supplementary file 2, Figure 5 -figure supplement 1). These substitution 269 clusters could be the result of replicative errors resulting from the misincorporation of bi-270 nucleotides or multi-nucleotides, or due to the recruitment of an error-prone repair pathway at a 271 double-strand break or bulky lesion. After counting clustered mutations as one mutational event, 272 we obtained 44 mutational events present in one or more cell types ( Figure 5A ).
273
Putative de novo mutations are each likely unique to an individual. If a mutation were 274 found in multiple individuals, it would likely be an inherited somatic variant and we would catch 275 such mutated alleles in somatic cells. For each of the mutations, we identified reads from somatic 276 cells with the WT allele at that position, and the mutated allele is only present in germ cells.
277
Each variant is also supported by multiple germ cell reads with different UMIs.
278
To approximate per-base mutation load of each cell type, we accounted for two factors.
279
Firstly, we are more likely to call a mutation event in more abundant cell types. Secondly, we are 280 only able to detect mutation events in transcribed regions, so cells with a larger breadth of 281 transcribed regions will likely yield more events. To control for these variables, we calculated 282 the approximate per-base mutation load of each cell type by dividing the number of detected 283 substitutions by the number of cells and the number of bases covered by 10 or more reads in that 284 cell type, finding a decrease in the relative abundance of substitutions during the progression of 285 spermatogenesis ( Figure 5B ).
286
Importantly, while we detected 30% (22/73) of inferred germline substitutions in early 287 spermatids, we detected no germline variants in late spermatids. This means that either 1) most 288 lesions are corrected by this stage, or 2) cells with lesions were removed by programmed cell 289 death, or 3) that we captured insufficient quantities of mature spermatid mRNA to detect 290 remaining variants. Although we found that early and late spermatids have similar RNA content, 291 the low abundance of late spermatids makes either explanation possible. Since we observed a 292 steady downward trend of mutation abundance during the progression of spermatogenesis, it is 293 reasonable to infer that late spermatids have a mutational burden equal to or less than that of 294 early spermatids. We counted the number of cells of each type carrying mutations throughout 295 spermatogenesis. We observed that the relative proportion of cells carrying mutations drops 296 consistently throughout spermatogenesis ( Figure 5C 304 We asked whether two key programs, DNA repair, and translation, show signatures of 305 expression bias during spermatogenesis. We hypothesized that both programs are critical to the 306 production of healthy spermatids, which must undergo heavy periods of growth and division 307 without accumulating mutations.
DNA repair genes and ribosomal protein genes show an early expression bias

308
Ribosomal protein genes appear to be strongly biased towards early spermatogenesis 309 ( that the ribosomal machinery may be built early and stored for use in later developmental stages. 319 We hypothesized that since replication and transcription are very active in early 320 spermatogenesis, DNA repair-gene expression may be biased towards early spermatogenesis. We 321 quantified the expression pattern of 211 DNA repair genes in the testis (DNA repair genes were 322 taken from Svetec et al., 2016) . We found that, compared to testis-specific genes, DNA repair 323 genes were upregulated in GSCs/early spermatogonia and late spermatogonia (corr. p values = 324 8.14E-62, 5.80E-44, respectively), and depleted in early and late spermatocytes (corr. p values = 325 1.75E-38, 4.58E-29, respectively) ( Figure 5D , Table 1 ). We reason that DNA repair genes are 326 transcribed early because the DNA repair machinery must be assembled early in order to repair 327 mutations as soon as they occur. Our findings provide an unprecedented perspective on evolutionary novelty within the 332 testis. We have developed a simple but robust method to quantify gene expression bias in a cell- post-meiotic expression of testis-specific genes is also intriguing. One possibility is that some de 339 novo transcripts may escape RNA degeneration and have a long lifespan after meiosis. Over 340 time, if the products of de novo transcripts are selected and modified by natural selection, the 341 regulatory sequences and resulting expression pattern will be refined. Since fixed de novo genes 342 show similar scaled expression patterns to older testis-specific genes, it is possible that certain 343 expression patterns common to older testis-specific genes increase the likelihood of a segregating 344 gene reaching fixation, or that many of the de novo genes function similarly to testis-specific 345 genes.
346
Our finding that young duplicated genes have different expression patterns than de novo 347 genes merits further study. Young duplicated genes are more likely to be bimodally expressed 348 than de novo genes of a similar age. While it appears that de novo genes are often highly 349 expressed during meiosis, many duplicated genes display a bimodal expression pattern. While de 350 novo genes may have relatively simple minimal promoters, young duplicated genes may 351 maintain much of the regulatory sequence of their parent copy. However, since only 2 out of 14 352 melanogaster-specific child duplicates have the same general expression pattern as their parent 353 genes, it seems that their regulatory sequences are often modified to produce alternative 354 expression patterns. This observation suggests that some young duplicated genes have relaxed 355 selective pressure to perform the ancestral function, allowing for neofunctionalization. 356 We also developed a method to extract mutational information from single-cell RNA-seq 357 data, which can provide information about germline or de novo DNA lesions present in a sample 358 without the need for DNA sequencing. While our method cannot identify variants in 359 untranscribed regions, introns, or sense strands, our method approximates the relative mutational 360 load of different cell types in a sample. Variation in RNA content between cell types may 361 decrease our power to detect substitutions in less transcriptionally-active cells such as late 362 spermatids, although our calculated mutational load in Figure 5B accounts for this. Despite the 363 lack of data for late spermatids, our results suggest that many errors are at least partially repaired 364 before the completion of spermatid maturation. Alternatively, cell death could have removed 365 mutated cells before spermatid maturation if a lesion could not be repaired. Our data cannot 366 distinguish between the death of mutated cells and successful repair of lesions.
367
The variants we have found are either DNA lesions that have escaped repair, or the 368 lesions that have been selected through competition among cells (Loewe and Hill, 2010) . It is 369 likely that some of these substitutions would result in inviable offspring and would never be 370 observed in an adult population. Our result suggests that mutational load varies between different 371 cell divisions, consistent with previous work that suggests a variable lesion rate between cell 372 types (Gao et al., 2011 (Gao et al., , 2014 . Mutational load is the net product of damage and repair, and 373 further characterization of how lesions occur and accumulate in the germline is needed to better 374 understand the evolutionary ramifications of this process (Moorjani et al., 2016) .
375
It appears that the cell types with the highest mutational load are germline stem 376 cells/early spermatogonia, the earliest germ cells. This indicates that by the time germline stem 377 cells enter spermatogenesis, they carry a relatively high mutational burden. This could be due to 378 the fact that germline stem cells cycle many times, dividing asymmetrically to produce 379 spermatogonia and a replenished germline stem cell. This cycle, repeated enough times, could 380 cause a buildup of variants in germline stem cells as they continue to produce spermatogonia.
381
Such a scenario would necessitate a mechanism to remove high level of lesions from maturing 382 gametes. This mechanism must be an equilibrium removing enough lesions to prevent the 383 accumulation of harmful phenotypes. However, the population-level mutation rate never reaches 384 zero, otherwise adaptive evolution will cease (Lynch, 2010) . 385 Since we observed that the transcription of 211 DNA repair genes drops during meiotic 386 stages, we suspect that DNA repair gene products are translated early and continue to repair 387 lesions throughout spermatogenesis. After meiosis, however, the gametes become haploid, and 388 there is no longer a template strand to facilitate homology-directed repair. This should constrain 389 the types of DNA damage repair available in late spermatogenesis. It is also important to note 390 that male Drosophila do not undergo meiotic recombination, meaning that the DNA repair 391 events that occur during spermatogenesis are likely due to replicative or transcriptional forces, 392 not recombination. Transcription-coupled repair during spermatogenesis is apparent in mouse 393 and humans, as variants on the template strand and the coding strand of testis-expressed genes 394 are asymmetrical (Xia et al., 2018) . Our finding that the number of variants decreases throughout Preparation and sequencing of testis single-cell RNA-seq libraries 433 We used 2-to 3-day-old DGRP-RAL517 flies in this study (MacKay et al., 2012 transcripts known to correspond to de novo genes.
462
Our study only seeks to analyze previously characterized de novo genes, and will inherit 463 the limitations of identification of de novo genes using bulk RNA-seq data. Zhao et. al 2014, the 464 source paper for these segregating and fixed de novo genes, detected de novo genes from bulk 465 testis RNA-seq of multiple D. melanogaster strains, meaning that de novo genes that are Stringtie, and then used DEseq2 to regularized-log transform the TPM values from both datasets.
477
After that, we plot the correlation of normalized gene expression and calculated the Pearson's R 478 ( Figure 1-figure supplement 2A ). Using the same method, we also compared our dataset to a 479 second single-cell library prepared from testis of a wild D. melanogaster strain from our lab 480 (Figure 1-figure supplement 2B) . are divided by the total counts for that cell and multiplied by the scale.factor (default=10,000).
491
This is then natural-log transformed using log1p." We then ran Seurat's default t-SNE function 492 and found clusters based on the first nine principal components (resolution=2). Of the parameters 493 we tried, most produced a similar t-SNE clustering pattern, but nine principal components 494 generated the best separation between different cell types.
496
Identification of cell types in single-cell RNA-seq data 497 We used marker genes to infer the predominant cell type within each cluster in Seurat. differentially expressed genes). We found that twe expression peaked later in spermatogenesis 508 than fzo, and concluded that clusters expressing twe but not fzo were late spermatocytes. The adult testis contains both somatic and germ cells, but lacks the common progenitor 515 cells for each lineage. Therefore, when constructing a lineage tree for all cells in our tissue, we 516 would expect to see a separate branch containing somatic cells erroneously branching from 517 somewhere along the inferred lineage of more common germ cells. In the somatic cell branch 518 from Figure 3A , MtnA is enriched (Figure 3-figure supplement 1) , leading us to infer that this 519 state is mainly somatic cells. As such, we ignored this branch for our analysis of gene expression To order the cells, we used the top 1000 genes with the highest q value of being 533 differentially expressed between clusters.
535
Calculation of cell-type bias of gene groups 536 Testing whether gene expression is biased across cell types requires overcoming two 
547
For groups of genes (e.g. de novo genes, DNA repair genes), we asked whether their 548 scaled expression distribution in a cell type was statistically different from that of other genes.
549
For every gene, we calculated its average scaled expression within each cell type, and then recently. We also excluded variants whose read coverage for the reference allele was less than our Seurat analysis. To remove variants that likely arose prior to the collection of this data, we 568 excluded variants found in somatic cells (hub, cyst, epithelial cells). The numbers of variants 569 remaining after each filtering step is given in Supplementary file 4. 570 We found a number of substitutions clustered together in close proximity and expressed 571 in the same cells ( Figure 5-figure supplement 1) . We treated these clusters as single mutational 572 events to avoid biasing our calculated mutational abundance. After counting the total variants 573 detected within each cell type, we subtracted polymorphisms found within 10 bp of each other in 574 the same cells so that each cluster of variants counted as one mutation event. To approximate 575 cell-type specific substitution rate, the number of mutational events detected in each cell type 576 was divided by the number of cells and the number of bases covered by at least 10 reads by all 577 cells of a type using samtools. Number of cells, mutational events and covered bases are given in 578 Supplementary file 5.
579
To ensure that our inferred mutations are not uncorrected transcriptional errors, we made 580 sure each variant followed at least 2 of following criteria: 1) The alternate allele for most of our 581 inferred mutations was found in multiple germ cells (but not somatic cells Parisi, M., Nuttall, R., Edwards, P., Minor, J., Naiman, D., Lü, J., Doctolero, M., Vainer, M., transcriptional suppression. C). The proportion of segregating de novo, fixed de novo, testis-specific, and all genes 772 expressed in every cell. For each cell, we counted the number of each class of gene with non-zero expression and 773
Figures and Tables
divided it by the total number of genes of that type, grouping by cell type. For every cell type except spermatocytes, 774
segregating de novo genes are the least commonly expressed, fixed de novo genes are more commonly expressed 775 and all genes are most commonly expressed. In every cell type except early spermatocytes, a smaller proportion of 776
fixed de novo genes are expressed than testis-specific genes, but early and late spermatocytes express similar 777 proportions of fixed de novo genes and testis-specific genes. It is important to note that this measure looks at the 778 number of genes of each type detected in a cell, not the expression level of each, and does not distinguish between 779
high and low expression. 780 781 cell from our testis sample along an unsupervised developmental trajectory. From the expression of marker genes, 783
we found that state 3 (blue) corresponds to somatic cells which were forced onto the developmental trajectory. For 784 further analysis we disregard this branch (See methods, Figure 3-figure supplement 1) . Spermatogenesis begins at 785 the far-left end of state 1 (red), and proceeds into state 2 (green). B). The relative RNA content per cell peaks in 786 mid-spermatogenesis, and declines during spermatid maturation, as approximated by the number of UMIs detected 787 per cell. The number of genes expressed declines as well. The black line is a Loess-smoothed regression of the data, 788
which should be thought of as a general trend among stochastic data and not a mathematical model. C). Loess-789 smoothed expression of marker genes along the path leading from state 1 to state 2 assigned in panel A. Along this 790 lineage, the relative expression of marker genes is consistent with their temporal dynamics inferred from previous 791 work. D). Fixed de novo genes show a variety of expression patterns, including biphasic, early-biased, and late-792
biased. E). Segregating de novo genes are often biased towards early/mid spermatogenesis. 793 794 Figure 4. Expression bias of young genes. Spermatogenesis starts at GSC, early spermatogonia and proceeds 795 rightward. A). The scaled expression distribution of segregating de novo genes in each cell type, compared with the 796 distribution of every other gene and testis-specific genes. For every gene, 0 is its mean scaled expression in a cell 797 type, and the Y axis corresponds to Z scores of deviations higher or lower than that mean value. Asterixis represent 798
Hochberg-corrected p values. The color of the asterixis indicates which gene set is being compared to de novo 799 genes, and their placement above or below the boxplots indicates that gene set's relationship (higher or lower) to de 800 novo genes. By this measure, de novo genes are biased downwards in early spermatogenesis and upwards in early 801
spermatids. B). The scaled expression patterns of fixed de novo genes are typical of testis-specific genes. C). The 802 scaled expression of detected fixed de novo genes across pseudotime (left to right), clustered by monocle's 803 plot_pseudotime_heatmap function. While most de novo genes are biased towards intermediate cell-types, a small 804 portion of de novo genes are most expressed during early and late spermatogenesis. D). The scaled expression of 805 melanogaster-specific duplicate genes over pseudotime. Despite being a similar evolutionary age to fixed de novo 806 genes, young duplicate genes are more likely to be biased towards early and late spermatogenesis. 807 808 Figure 5 . Abundance of putative de novo germline mutations. A). For every cell type, the total number of high-809
quality polymorphisms identified. Out of 2590 candidate variants, we excluded all substitutions that could be found 810 in any somatic cell, leaving 73 variants. We then counted clustered polymorphisms as single mutational events and 811
removed variants that could have resulted from RNA editing. See methods for details. B). Dividing the number of 812 polymorphisms in a cell type by the number of cells of that type, and the number of bases covered with at least 10 813 reads in that cell type (Supplementary file 5) yields an approximate relative substitution frequency for each cell type. 814
By this metric, substitutions are most prevalent in early spermatogenesis, and decrease in relative abundance during 815 spermatid development. This could be due to the apoptosis of mutated cells, or the systematic repair of DNA lesions 816
during spermatogenesis. C). data. Despite different library strategies and sequencing methods our data correlate extremely well with whole-tissue 855
RNA-seq data indicating that our dataset has captured an accurate sampling of testis-expressed genes and our results 856 are reproducible. B). Correlation between our RAL517 single-cell library and a library of a wild D. melanogaster 857 strain from our lab. Despite being from different strains, the libraries show a high correlation in normalized TPM. 858
This result shows, however, that many genes vary between D. melanogaster strains, necessitating further work to 859
understand transcriptome evolution on a single-cell level. and vertically, the expression of the 15 genes with the highest positive and negative scores for the principal 864 component. For PC 1, one interpretation could be that soti, a marker of late spermatocytes/early spermatids, is 865 negatively correlated with the expression of many ribosomal protein genes. This is consistent with our finding that 866 ribosomal protein genes peak in early spermatogenesis. It is worth noting that the higher numbered PCs become 867 more and more diffuse, as they each explain a smaller proportion of variance than the PCs 1 and 2. Alignment of germline mutations along pseudotime. For the 73 germline SNPS, we plotted every cell containing 882
the SNP according to its pseudotime value inferred by monocle. Some SNPs are found in multiple cell types. Other 883
SNPs are actually clustered close to other SNPS found in the same cells, such as the SNPS from 2L_13902470 to 884 2L_13902482. For the purposes of calculating mutational abundance in Figure 5 , we considered clusters of SNPS 885
within 10 bp of each other to be a single mutational event, to prevent clusters of SNPs from biasing our inferred 886 mutational abundance. 
